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Modulation of vascular smooth muscle cell
alignment by cyclic strain is dependent on reactive
oxygen species and P38 mitogen-activated protein
kinase
Quanhai Chen, MD,a Wei Li, MD,a Zhiwei Quan, MD,b and Bauer E. Sumpio, MD, PhD,a New Haven,
Conn; and Shanghai, China
Purpose: The aim of this study was to investigate the molecular targets of reactive oxygen species (ROS) and to determine
whether cyclic strain induces smooth muscle cell (SMC) alignment via the ROS system. We assessed stretch-induced
nicotinamide adenine dinucleotide phosphate (NAD(P)H) oxidase activation and the redox sensitivity of cyclic strain-
stimulated activation of the mitogen-activated protein kinase (MAPK) family.
Methods: SMCs were seeded on flexible collagen I-coated plates and exposed to cyclic strain. NAD(P)H oxidase activation
was measured with lucigenin-enhanced chemiluminescent detection of superoxide. Activation of MAPK was detected by
determining phosphorylation of extracellular signal-regulated protein kinase (ERK1/2), c-jun N-terminal kinase
(JNK1/2), and p38 MAPK with immunoblotting. In other experiments, SMCs were exposed to diphenylene iodonium
(DPI), an NAD(P)H inhibitor, 30 minutes before stretch. MAPK activation and cell orientation were then assessed.
Results: Cyclic strain elicits a rapid increase in intracellular NADH/NADPH oxidase in SMCs. There was also a rapid and
robust phosphorylation of ERK1/2, JNK1/2, and p38 MAPK. Cyclic strain-induced intracellular NAD(P)H generation
was almost completely blocked with DPI. DPI also inhibited the strain-induced phosphorylation of ERK1/2, JNK1/2,
and p38 MAPK. Both the p38 MAPK specific inhibitor, SB 202190, and DPI blocked cyclic strain-induced cell
alignment, but PD98059, an ERK1/2-specific inhibitor, and SP600125, an anthrazolone inhibitor of JNK, did not.
Conclusion: Our results provide evidence that p38 MAPK is a critical component of the oxidant stress ROS-sensitive
signaling pathway and plays a crucial role in vascular alignment induced by cyclic stain. (J Vasc Surg 2003;37:660-8.)
Mechanical stress has been shown to induce alterations
in vascular smooth muscle cell (SMC) phenotype, includ-
ing cell morphology and alignment.1 p38 mitogen-acti-
vated protein kinase (MAPK) has been implicated in the
regulation of these cellular responses.2-5 However, the
underlying mechanisms with which mechanical forces acti-
vate MAPK signals in vascular SMCs remain unclear.
The reactive oxygen species (ROS) are a family of
second-messenger molecules. The membrane-associated
nicotinamide adenine dinucleotide phosphate (NAD(P)H)
oxidase is the primary physiologic product of ROS in
vascular tissue.6 Superoxide production in response to an-
giotensin II occurs when either NADH or NADPH is used
as a substrate, and this reaction is inhibitable with diphe-
nylene iodonium (DPI), a compound that binds to and
inhibits flavin-containing oxidases.7,8 Hemodynamic
forces, such as cyclic strain and shear stress, have been
reported to induce NAD(P)H oxidase in endothelial cells
(ECs).9,10 The MAPK family is one potential downstream
target for ROS. At least four MAPKs have been identified in
mammalian cells: the extracellular signal-regulated kinase
1/2 (ERK1/2), the c-Jun NH2-teminal kinase (JNK1/2),
p38 MAPK, and big MAPK (BMK1 or ERK5).11,12
We have previously reported cyclic strain-induced SMC
proliferation and alignment.1 In this study, to define the
relevant upstream signaling pathway of p38 MAPK, we
examined the activation and functional importance of ROS.
With DPI, we implicate p38 MAPK as a mediator of
strain-induced alignment modulated by ROS in bovine
aortic SMCs.
MATERIAL AND METHODS
Material. The Flexercell Strain Unit (Flexcell
FX-4000, Flexcell International, Durham, NC) was used.
Flexible-bottomed culture plates coated with type I solubi-
lized rat-tail collagen (Flex I) was obtained from Flexcell
International Company (McKeesport, Pa). Bovine aortic
SMCs were obtained from bovine aorta of freshly killed
calves. Dulbecco’s modified Eagle’s medium high glucose-
Ham’s F-12 (DMEM), penicillin, and streptomycin were
from GIBCO BRL (Gaithersburg, Md). Heat-inactivated
fetal calf serum was from HyClone Laboratories (Logan,
Utah). Phosphospecific p38 MAPK (Thr180-182) anti-
body, phosphospecific ERK1/2 MAPK (Thr183/Tyr185)
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antibody, phosphospecific SAPK/JNK (Thr183/Tyr185)
antibody goat-rabbit immunoglobulin-G–horseradish per-
oxidase (HRP) conjugate, and goat-mouse immunoglobu-
lin-G–HRP conjugate were purchased from Cell Signaling,
Inc (Beverly, Mass). The enhanced chemiluminescence
Western blotting detection system, nitrocellulose mem-
branes (Hybond-ECL, 0.45) was obtained from Amer-
sham Pharmacia Biotech (Piscaway, NJ). SB202190, PD
98059, and SP600125 were purchased from Calbiochem
(La Jolla, Calif). DPI, N-acetyl-cysteine (NAC), deoxycy-
tidine, thymidine, aprotinin, lucigenin, luepeptin, pap-
stanin, rapamycin, and NADH/NADPH oxidase were pur-
chased from Sigma (St Louis, Mo).
Cell culture SMCs were grown in DMEM supple-
mented with 10% fetal calf serum, 2 mmol/L glutamine,
100 units/mL penicillin, and 100 _g/mL streptomycin at
37°C in a humidified 5% CO2 incubator. SMCs were
passaged twice a week by harvesting with trypsin/ethyl-
enediamine tetraacetic acid and seeding on 6-well Flex I
plates. For experiments, SMCs between passage 2 and 5
were used at confluence.
Application of cyclic strain. SMCs on Flex I plates
were centered on ports of a vacuum manifold located in an
incubator. Applied vacuum was regulated with solenoid
valves controlled with a computer program. The strain
apparatus precisely controlled the duration, frequency, and
magnitude of vacuum applied to the SMCs.13 For the
experiments described herein, the flexible membranes were
deformed with 150 mm Hg vacuum (10% average strain) at
60 cycles/min (ie, 0.5 elongation alternating with 0.5
relaxation). This level of strain, or the change in length or
diameter per unit force, was physiologically relevant be-
cause large conduit arteries, such as the aorta, carotid,
femoral, and brachial artery, change diameter approxi-
mately 10% during the cardiac cycle.14,15 The duration of
experimentation ranged from 0 to 4 hours for acute strain
responses (ie, MAPK activity measurements) and 24 to 48
hours for chronic strain responses (ie, alignment). Control
cells were maintained in a stationary enviroment.
NADH/NADPH oxidase assay. After experimen-
tion, SMCs were washed two times with 5 mL ice-cold
phosphate-buffered saline solution, and cells were scraped
from the well. Samples were transferred to a 50-mL centri-
fuge tube, and the well was washed twice with 5 mL of
phosphate-buffered saline solution. Cells then were centri-
fuged at 750g at 4°C for 10 minutes. The supernatant was
discarded, and the pellet was resuspended (0.5 to 1.0 mL
per dish) in lysis buffer containing protease inhibitors (20
mmol/L monobasic phosphate [pH 7.0], 1 mmol/L eth-
ylene glycol tetra acetic acid, 10 g/mL aprotinin, 0.5
g/mL leupeptin, 0.7 g/mL pepstanin, and 0.5
mmol/L phenylmethylsulfonyl fluoride). The cell suspen-
sion then was dounced 100 times on ice, and the homog-
enate was stored on ice until use. NADH or NADPH
oxidase activation was measured with lucigenin-enhanced
chemiluminescent detection of superoxide.7 Briefly, the
reaction buffer at pH 7.0 contained 1 mmol/L ethylene
glycol tetra acetic acid, 150 mmol/L sucrose, 500 mol/L
lucigenin, and either 100 mol/L NADH or NADPH as
the substrate (final volume, 0.9 mL). The reaction was
started with the addition of 100 L of homogenate (50 to
200 g protein). Luminescence was measured as the rate of
photon counts per milligram protein.
Detection of ERK1/2, JNK1/2 and p38 MAPK
phosphorylation with immunoblotting. SMCs at 80%
to 90% confluence were maintained in DMEM containing
serum-free medium for 48 hour before experimentation. In
some experiments, SMCs were treated with 10 mol/L
DPI for 30 minutes before exposure to strain. DPI is a
highly specific NAD(P)H oxidase inhibitor with a reported
Ki of 5.6 mol/L for time-dependent inhibition of human
neutrophil membrane NADPH oxidase.8 After stretch,
cells were washed three times with ice-cold phophate-
buffered saline solution and placed on ice. Cells were lysed
with 20 L of ice cold lysis buffer added to each well, pH
7.4, 50 mmol/L N-2-hydroxyethylpiperazine-N-2-eth-
anesulfonic acid, 5 mmol/L ethylenediamine tetraacetic
acid, 150 mmol/L NaCL, 1% Triton X-100, protease
inhibitors (10 g/mL aprotinin, 1 mmol/L phenylmeth-
ylsulfonyl fluoride, 10 g/mL leupeptin), and phosphatase
inhibitors (50 mmol/L sodium fluoride, 1 mmol/L so-
dium orthovanadate, 10 mmol/L sodium pyrophosphate).
Solubilized proteins were centrifuged at 14000g in a mi-
crocentrifuge (4°C) for 20 minutes, and supernatants were
stored at 80°C. Extracted proteins (30 to 35 g) were
separated on 10% polyacrylamide gels with sodium deode-
cyl sulfate–polyacrylamide gel electrophores and trans-
ferred to Hybond-HCL nitrocellulose membranes at 100 V
for 30 minutes. Membranes were blocked overnight at 4°C
with ddH2O containing 5% nonfat dry milk and 0.1%
Tween 20. The blots were incubated overnight with pri-
mary antibodies (rabbit polyclonal phosphospecific
p38MAPK, mice monoclonal phosphospecific ERK1/2,
and JNK/SAPK antibodies that detect MAPK only when
activated by phosphorylation on TXY, at 1:1000, 1:2000,
respectively) in TBS-T containing 5% bovine serum albu-
min or TBS-T containing 5% nonfat dry milk with 0.1%
Tween 20. After incubation with secondary antibodies
(HRP-conjugated goat antirabbit antibody, or goat-anti-
mouse 1:2000) for 1 hour in ddH2O containing 5% nonfat
dry milk and 0.1% Tween 20, phosphorylated forms of
proteins were detected with enhanced chemiluminescence.
Densitometry. Band densities on immunoblots and
autoradiograms were measured with a densitometer (Im-
age Quant, Molecular Dynamics, Sunnyvale, Calif). All
densitometry was performed on exposures within the linear
range of the film and the densitometer.
Cell orientation. SMCs were grown to 60% to 70%
confluence on flexible-bottomed culture plates coated with
type I collagen. In some experiments, inhibitors were
added 30 minutes before stretch to assess the role of
intracellular signaling pathways on the orientation re-
sponse. To assess the role of the NAD(P)H pathway, 1
mol/L or 10 mol/L DPI or 10 mmol/L NAC were
added.8 Tem micromolars PD98059, 10 mol/L
SP600125, or 10 mol/L SB203580 are highly specific
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inhibitors of ERK1/2,16 JNK1/2,17 and p38 MAPK,18
respectively, and these were also added in some experi-
ments.
After exposure to cyclic strain, the cells were fixed in
10% formalin for 1 hour then washed three time with
phophate-buffered saline solution. Cells were stained with
0.1% crystal violet and viewed with phase-contrast micros-
copy (OLYMPUS IMT-2, Olympus Optical Co, Ltd, To-
kyo, Japan). The area of greatest strain was in the periphery
of the membrane.13 The cell response was dependent on
the level of strain, and therefore, for the alignment re-
sponse, the orientation of the cells in the periphery were
analyzed.
RESULTS
Cyclic strain induced NAD(P)H oxidase activity.
Fig 1 depicts the time course of activation of NADH and
NADPH oxidase in SMC exposed to cyclic strain. To
eliminate any potential barrier to luciginin entry presented
by the plasma membrane and to examine the activity of
specific intracellular oxidases, we prepared cell homoge-
nates and assayed NAD(P)H oxidase activity. There was a
gradual increase in both NADH and NADPH oxidase
activation with a peak activation by 15 minutes. In SMCs,
the predominant oxidase was NADPH.
Cyclic strain activates MAPK in SMCs. MAPKs are
potential downstream targets for ROS. As show in Fig 2,
cyclic strain activated ERK1/2, JNK1/2, and p38 MAPK.
There was a rapid robust activation of ERK1/2 by 5
minutes with peak time at 10 minutes and restoration to
basal levels by 60 minutes (Fig 2, A). Phosphorylation of
JNK1/2 occurred with a peak time at 15 minutes (Fig 2,
B). Activation of p38 MAPK peaked at 5 minutes and then
gradually decreased to base line by 60 minutes (Fig 2, C).
To determine whether the cyclic strain-stimulated
ERK1/2, JNK1/2, and p38 MAPK were downstream of a
redox-sensitive pathway, we examined the effect of DPI, a
specific inhibitor of NADH/NADPH oxidase, on ERK,
JNK, and p38 MAPK phosphorylation. As shown in Fig 3,
10 mol/L DPI inhibited cyclic strain-induced ERK1/2
phosphorylation by 50% 2% (Fig 3, A), JNK1/2 by 61%
 3% (Fig 3, B), and p38 MAPK by 66%  3% (Fig 3, C).
These results indicate that cyclic strain-induced MAPK
activation is dependent in part on NAD(P)H oxidase.
Role of p38 MAPK in cyclic strain-induced cell
alignment. We have shown previously that cyclic strain
induces bovine aortic EC and SMC alignment.1,2 To de-
termine whether strain-induced cell alignment was related
to ROS activation, we used the MAPK inhibitors and the
specific NAD(P)H inhibitors DPI8 and NAC.19 Fig 4
shows that DPI at a dose that inhibits cyclic strain-induced
MAPK activation by at least 50% blocks alignment of SMCs
by cyclic strain. The p38 MAPK specific inhibitor SB
202190 (10 mol/L), but not PD98059 or SP600125,
also inhibits SMC alignment by cyclic strain. These results
suggest that p38 MAPK is critical component of SMC
alignment by cyclic strain and that this is dependent on
NAD(P)H oxidase activation.
DISCUSSION
It has recently become apparent that ROS are impor-
tant signaling entities of second-messenger molecules.6
Although nitric oxide has been known to serve as a signal-
ing molecule by activating guanylate cyclase, it has only
recently become appreciated that other ROS, including
superoxide (O2) and hydrogen peroxide (H2O2), could
alter the function of specific protein and enzymes as well.
The result of this study provides direct evidence that expo-
sure of SMCs to cyclic strain elicits a rapid increase in
intracellular NAD(P)H and this presumably lead to
superoxide(O2
)and hydrogen peroxide (H2O2) increase.
The membrane-associated NAD(P)H oxidases are the pri-
Fig 1. Time course of stretch-stimulated NADPH and NADH oxidase activity. Bovine aortic SMCs were subjected to
cyclic strain at indicated times, homogenized, and added to cuvette containing dark-adapted lucigenin in 50 mmol/L
phosphate buffer. Photon emission was measured, and initial rate of enzyme activity was calculated as described in
Material and Methods section. Data represent mean  standard error of four experiments each for NADPH () and
NADH (). *P  .05.
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Fig 2. ERK1/2 (A), JNK1/2 (B), and p38 MAPK (C) phosphorylation in quiescent bovine aorta SMCs exposed to
cyclic stain. Top panel, Chemiluminescent detection was performed on same immunoblot probed with ERK1/2,
JNK1/2, and p38MAPK phosphospecific antibody. Bottom panel, Densitometric data from multiple time course
experiments ERK1/2 (n  3), JNK1/2 (n  3), and p38MAPK (n  4) are depicted. *P  .05.
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Fig 3. Effects of DPI, inhibitor of NADH/NADPH oxidase, on ERK1/2 (A), JNK1/2 (B), and p38MAPK (C)
activation by cyclic strain. Growth-arrested SMCs were treated with or without 10 mol/L DPI for 30 minutes before
treatment by strain. Top panel, Equal aliquots of protein (30 to 35g) from 15 Triton X-soluble fraction of SMC lysates
were used to detect ERK1/2 (n  4), JNK1/2 (n  4), and p38 MAPK (n  4) phosphorylation. Bottom panel,
Densitometric data from separate experiments are depicted. *P  .05.
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Fig 4. Cyclic strain-induced SMCs alignment in control group starts at 8 hours and remains 24 to 48 hours (B, D, F,
H, J, L, N), and cells exposed to static condition showed no alignment at any time during experimention (A, C, E, G,
I, K, M). DPI 1 mol/L inhibits SMCs alignment partially, and 10 mol/L DPI, 10 mmol/L NAC, and 10 mol/L
SB 203580 inhibit cyclic strain-induced p38 MAPK activation and strain-induced alignment completely; 10 mol/L
DP98059 and 10 mol/L SP600125 did not alter cell orientation in SMCs. Arrows with white borders represent
direction of strain-induced cells alignments. Black arrows represent directions of forces of strain.
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mary physiologic producers of ROS in vascular cells. One
putative target of oxidative stress may be the MAPK family
of protein kinase that play a critical role in transmitting cell
surface signals to the nucleus. Our results indicate that
ERK1/2, JNK1/2, and p38 MAPK are activated by cyclic
strain in SMCs and that this activation is inhibited by DPI.
This relationship of the MAPK system with ROS suggests
that they are potentially among the proteins that mediate
the redox-sensitive physiologic responses.
In mammalian cells, three groups of MAPK that appear
as central elements of three homologous pathways have
been identified.12,20-23 The ERK1/2 signaling pathway is
involved in the regulation of transcriptional and transla-
tional activation and has been characterized mainly in re-
sponse to growth factor as an agonist of tyrosine kinase
receptors, but it also occurs on exposures to stress, such as
heat shock, hyperosmolarity, oxidants, radiographs, and
ultraviolet light.24,25 The ERK1/2 signaling pathway is a
critical regulatory element of cell growth and differentia-
tion.26-28 However, stress more strongly induces JNK and
p38 MAPK, which have both been implicated in the induc-
tion of apoptosis triggered by growth factor removal.29
Fig 4. Continued.
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JNK was first described as a ultraviolet light-activated c-jun
kinase and has been suggested to trigger a protective re-
sponse through the activation of genes coding for protec-
tive proteins.20,30 P38 MAPK is a mammalian homolog of
the Saccharomyces cerevisiae HOG1 kinase, an essential
component of the yeast osmosensing signal transduction
pathway.31-33 In mammalian cells, p38 MAPK appears to
be involved in the production of cytokines by stimulated
monocytes and to mediate the aggregation of platelets in
response to collagen.34
ERKI/2 has been shown to be activated by growth
factors, Ang II, and stress in SMCs. p38 MAPK has been
traditionally associated with endotoxins, inflammatory cy-
tokines, and environmental stresses in vascular cells and
other systems.35-41 Although in each case p38 MAPK
activation is mediated by G protein-coupled receptors, the
stream signaling mechanisms responsible for p38 MAPK
activation by such agonists are unclear. ERK1/2 and
JNK1/2, but not p38 MAPK, were reported to be rapidly
activated by cyclic strain in rat cardiac fibroblasts.42 The
inconsistency of that study compared with our findings is
probable because of species difference and the matrix in
which the cells were maintained. Although we did not
examine the role of cell-matrix interactions in influencing
the signaling pathways, it is likely that the substrate will play
an important modulating role.41 Nonetheless, in this study,
we found that ERK1/2, p38 MAPK, and JNK are all
activated by cyclic strain in SMCs partially through redox-
sensitive mechanisms. The peak activation of NADPH,
ERK1/2, and JNK1/2 occurred at a similar time point,
around 15 minutes after the initiation of cyclic strain. P38
MAPK activity occurred much earlier and seemed to peak
by 5 minutes. Despite the latter discrepancy in timing, the
activation of ERK1/2, JNK1/2, and p38 MAPK were
significantly inhibited by DPI, a specific NAD(P)H inhibi-
tor. These findings underscore the complexity and redun-
dancy of intracellular signaling but clearly show that intra-
cellular NAD(P)H produced in response to cyclic strain
plays an important role as a potential signal transducer that
activates ERK1/2, JNK, and p38 MAPK.
This study emphasizes the potentially critically impor-
tant role of p38 MAPK in redox-sensitive alignment. In
vascular ECs, oxidative stress induces major changes in
microfilament organization (for example, rearranging of
cortical ruffles to stress fibers), which is modulated by the
activation of p38 MAPK and phosphorylation of heat shock
protein 27.4 Consistent with our results, recent reports
suggested that only fractions containing ERK1/2 or p38
MAPK, and not JNK, had the capacity to activate MAP-
KAP kinase 2/3, a serine protein kinase that phosphory-
lates heat shock protein 27, which regulates actin filament
dynamics.5 p38 MAPK is a major physiologic activator of
MAPKAP kinase 2/3 during stress. Prior activation of p38
MAPK increases the stability of the actin microfilaments in
cell exposed to cytochalasin D.3 A role for p38 MAPK in
cardiac and EC alignment and hypertrophy has also been
reported.2,43 We observed that SMCs treated with 10
mol/L DPI were rounder. This may indicate that DPI
disrupts the network of actin filaments, similar to cytocha-
lasin D. Our study also suggests that ROS produced in
response to cyclic strain and the resulting activation of p38
MAPK are of a magnitude consistent with this effect.
Previous reports have indicated that activation of the
NAD(P)H oxidase requires the assembly of a multimolecu-
lar complex at the plasma membrane consisting of two
integral membrane proteins, gp91phox and p21phox, and
two cytosolic proteins, p67phox and p47phox. Rac interacts
directly with p67phox in a guanosine triphosphate–depen-
dent manner.44 Rac regulates the polymerization of actin at
the plasma membrane to form lamellipodia.45 It has been
reported that H2O2 stimulates p38 MAPK activity in
SMCs.4,46,47 That suggests it may be the redox-sensitive
MAPK pathway that is involved in the H2O2-mediated
growth response in SMCs. Our results indicate that the
NAD(P)H oxidase inhibitor DPI, which also inhibits cyclic
strain-induced cell alignment, attenuates p38 MAPK acti-
vation by cyclic strain. Another ROS inhibitor, NAC, and a
specific inhibitor of p38 MAPK, SB 202190, led to a
significant decrease in cyclic strain-induced cell alignment,
but not PD98059, which is specific inhibitor of ERK1/2 or
SP 600125, an inhibitor of JNK1/2. Thus, the p38 MAPK
pathway may provide a functional link between mechanical
stretch stimulated production of ROS and vascular align-
ment.
In summary, we show here that p38 MAPK is a highly
redox-sensitive MAPK that is activated by cyclic strain in
SMCs. The cyclic strain-induced activation of p38 MAPK is
mediated by intracellular ROS, specifically the NAD(P)H
oxidase pathway. This pathway may be linked between
mechanical stretch-stimulated production of ROS and vas-
cular alignment. The role, if any, of the NAD(P)H oxidase
pathway in other stretch-stimulated responses remains to
be explored in the future.
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